The heat-shock response of Euglena gracilis was studied by pulse-labeling cells with [35S~sulfate at both the normal growth temperature (210C) and an elevated temperature (36TC). Analysis of the labeled proteins by polyacrylamide gel electrophoresis indicated that the rate of synthesis of at least 3 major and 15 minor polypeptides increased in cells grown at the higher temperature. Three of the proteins appear to be immunologically related to the ubiquitous -70-kDa heat-shock protein (Hsp7O) family. One protein of 68 kDa was found in the cytoplasm (P68Cyt) and was the major heat-shock protein in Euglena gracilis. Two other proteins, 68 and 70 kDa, were localized in mitochondria (P68,,) and chloroplasts (P7ch), respectively, and they crossreacted with a polyclonal antibody raised against the Escherichia coli heat-shock protein DnaK. Like DnaK, P68mit and P70ChI could be phosphorylated in vitro with [v-32PIATP in a reaction that was stimulated by Ca2. A protein with characteristics similar to those of P70Chi was also found in chloroplasts isolated from maize and spinach.
the heat-shock response has been reported for numerous organisms, ranging from bacteria to higher plants and animals (1) . The heat-shock proteins of approximately 70 kDa (Hsp7O) have been shown to be among the most highly conserved in nature. Eukaryotic organisms typically contain a gene family coding for several constitutively expressed and inducible proteins, whereas in Escherichia coli there is one protein, DnaK, that is homologous to the eukaryotic Hsp7O family (2) . The function of these proteins is not yet clearly defined; however, certain characteristics are known. Typically there are one to several cytosolic forms which migrate to the nucleus after heat shock (3, 4) . Mammalian and avian cells contain a related protein in the lumen ofthe endoplasmic reticulum (5) , and recently a mitochondrial form has been identified in mammalian cells, yeast, nematodes, and trypanosomes (6) (7) (8) (9) (10) . These proteins bind strongly to ATP, and this characteristic has been used for affinity purification (11) . In addition, they all possess weak ATPase activities and often are associated with membranes and protein aggregates (12) . One function proposed for this class of proteins is to bind to improperly folded or denatured proteins, utilizing ATP hydrolysis for renaturation (12) . Such a function has been reported for the transport of certain secreted or mitochondrial targeted proteins (13) (14) (15) .
Previously we demonstrated the presence, in mitochondria, of a protein, P71, that is a member of the Hsp family (8) . The phosphorylation and immunological properties of this protein were similar to those of E. coli DnaK. It was also noted that a similar protein may be present in chloroplasts (8) .
In the present report we have extended these studies to a photosynthetic organism and describe the characteristics of the heat-shock response in Euglena gracilis.
MATERIALS AND METHODS
Euglena gracilis Klebs var. bacillaris was grown at 25°C in Hutner's acidic organotrophic medium (16) in a rotary shaker at 120 rpm illuminated with cool white fluorescent lamps. For heat-shock treatment, cells were harvested at the midlogarithmic phase of growth by centrifugation (4000 x g, 5 min) and resuspended in fresh medium to a density of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] ,ug of chlorophyll per ml (17) . The cell suspensions were then incubated with shaking at either 21°C or 36°C for the indicated times. For pulse labeling, cells were incubated in sulfate-free Hutner's medium for 12 hr prior to labeling with sodium [35S]sulfate (10 ,uCi/ml; 1 Ci = 37 GBq). Aliquots were removed, subjected to SDS/PAGE (10%o polyacrylamide) (18) , and autoradiographed.
For isolation of nuclei and chloroplasts, midlogarithmic cultures of Euglena were harvested by centrifugation and washed in 10 mM Tris Cl, pH 7.4. Nuclei were isolated according to Lynch and Buetow (19) , and intact chloroplasts were isolated essentially as described by Orozco et al. (20) except that the cells were broken by passage through a French pressure cell at 3000 pounds/inch2 (21 MPa). A Euglena gracilis mutant, W10BSmL (21) , which lacks chloroplasts, was obtained from J. A. Schiff (Brandeis University) and used for the isolation of mitochondria by sucrose density gradient centrifugation, as follows: Cells were disrupted as noted above in a solution containing 0.3 M sorbitol, 50 mM Hepes/KOH at pH 7.5, and 1 mM dithiothreitol. The broken cell suspension was centrifuged at 4000 x g for 10 min to remove nuclei and the supernatant was centrifuged at 10,000 x g for 30 min. The pellet was resuspended in breaking buffer and layered onto a 29-ml, 20-70% (wt/vol) linear sucrose gradient (sucrose dissolved in 10 mM Hepes/KOH at pH 7.5), and centrifuged for 18 hr at 100,000 X g at 4°C (Beckman SW 28) . Fractions were collected and assayed for cytochrome c oxidase activity (22) to locate the mitochondria. Cytoplasmic proteins were obtained from either the wild-type or mutant organisms by centrifugation of a broken cell suspension at 100,000 x g for 30 min. Chloroplasts were also prepared from spinach (Spinacia oleracea; purchased from a local market) and maize (Zea mays; 28-day-old field-grown plants) according to Orozco et al. (20) . Protein was measured by the procedure of Bradford (23) .
Purification of Hsp7O-related proteins from Euglena was carried out by ATP-agarose affinity chromatography (11) . Cells (110 g) were suspended in 200 ml of buffer A (10 mM Tris acetate, pH 7.5/20 mM NaCl/0.1 mM EDTA/15 mM 2-mercaptoethanol/3 mM MgC12) and broken in a French pressure cell [16, 000 pounds/inch2 (110 MPa)]. The broken cell suspension was centrifuged at 30,000 x g for 30 min at 4°C and the supernatant was applied, at a flow rate of 7 ml/hr, to a 10-ml ATP-agarose (Sigma) column equilibrated with
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buffer A. The column was washed with 250 ml of buffer A containing 0.5 M NaCl followed by 50 ml of buffer A containing 1 mM GTP. Hsp7O and related proteins were eluted with a 100-ml linear gradient of 0-10 mM ATP in buffer A. The protein peak fractions eluting at about 1.2 mM ATP were pooled and concentrated by dialysis against buffer A containing 50o (wt/vol) sucrose. The proteins were precipitated with (NH4)2SO4 at 75% saturation, and the pellet was dissolved in a small volume of 20 mM Tris acetate, pH 7.5, containing 0.1 mM EDTA and 5 mM 2-mercaptoethanol. This solution was then dialyzed against the same buffer and stored at -70'C until use. This preparation contained only two major proteins, with masses of 68 and 70 kDa as determined by one-dimensional SDS/PAGE analysis and staining with Coomassie blue.
Immunoblot analysis was carried out according to the procedure of Towbin et al. (24) . Antiserum raised against either purified E. coli DnaK or ATP-agarose-purified Euglena 68-and 70-kDa proteins (the latter antiserum is referred to as Ab68,70) was prepared in rabbits (25) and applied to blotted proteins at dilutions of 1:200 and 1:1000, respectively. 1251-labeled donkey antiserum to rabbit IgG (diluted 1:1000) was used to detect the rabbit antibodies.
In vitro phosphorylation was assayed in a mixture containing 50 mM Mes/NaOH at pH 6.5, 5 mM 2-mercaptoethanol, 5 (Fig. 2B, lane 1) .
It was important to determine whether the P70 found in the cytoplasm was different from that in the chloroplast or was due to chloroplast breakage. The (21) , was used to isolate mitochondria (Fig. 3) . As seen in Fig. 3A (8) . Fig. 4 shows that when extracts of mitochondria prepared from the mutant W1OBSmL chloroplast extracts there is one other major protein that is phosphorylated better in the presence of Mg2+ than Ca2+. In other experiments it was shown that P68Cy, is not phosphorylated with either Mg2+ or Ca2+. These results show that mitochondria and chloroplasts of Euglena gracilis each contain a protein that resembles DnaK of E. coli as evidenced by antibody crossreactivity and Ca2+-stimulated phosphorylation.
To determine if a DnaK-like protein is also present in higher plants, chloroplast extracts from maize and spinach were tested for crossreactivity with DnaK antiserum and for Ca2+-stimulated in vitro phosphorylation activity. Fig. S shows that in maize, a protein of =70 kDa is phosphorylated in the presence of Ca2+ but not Mg2+ (lane 1 vs. 2), whereas in spinach chloroplasts a protein of =75 kDa is phosphorylated in the presence of Ca2' but not Mg2+ (lane 4 vs. 5). In both chloroplast extracts, a protein migrating at the same position in the gel as the Ca2+-stimulated phosphorylated protein crossreacts with DnaK antiserum (lanes 3 and 6) . Interestingly, maize chloroplasts showed two proteins of similar molecular weight which crossreact with DnaK antiserum; however, only the lower molecular weight protein migrates with the in vitro phosphorylated protein. (lanes 1 and 3) or presence (lanes 2 and 4) of 10 mM CaC12. At the end of the incubation a 10-pu aliquot was removed, subjected to SDS/PAGE, and autoradiographed.
DISCUSSION
In this paper we describe proteins localized in the chloroplasts and mitochondria of Euglena gracilis and in the chloroplasts of two higher plants that bear similarities to DnaK of E. coli. In Euglena P68ffit and P70chl were distinguished from the major 68-kDa cytosolic heat-shock protein by their specific crossreactivity with DnaK antiserum and their ability to be phosphorylated in vitro in a Ca2l-stimulated reaction, similar to DnaK (8). Despite differences in gel migration the Euglena P68mit and P70chI proteins have similar phosphorylation and immunological characteristics. Although it is very likely that they are products of different genes, it is conceivable that they are derived from the same gene but are processed differently during transport into the different organelles.
Previous studies detected four heat-shock proteins in chloroplasts of Vigna sinensis (26), but they were not further characterized. Recently, three proteins related to the Hsp7O family have been identified in pea chloroplasts (27) . The identification of a DnaK-like protein in both chloroplasts and mitochondria in the present study is the second example of a homolog to an E. coli heat-shock protein in these organelles. The Hsp60 protein is a mitochondrial and chloroplast homolog of E. coli GroEL (28, 29) . In chloroplasts this protein has been identified as the ribulose-bisphosphate carboxylase binding-protein, which mediates the assembly of this multimeric enzyme (30) . In addition, proteins similar to Hsp6O have been detected in mitochondria of a variety of plants (31) . In yeast mitochondria, Hsp6O mediates the assembly of several multimeric enzymes, and conditional mutants of Hsp6O show that this protein is essential for survival (32) . Similarly, SSC1, the mitochondrial DnaK-related protein of yeast, is also essential for survival (33) . This (40) and may suggest that there is a missing factor in our in vitro system which could be involved in this Ca2+-dependent reaction. An analogous system may be the Ca2+/calmodulin-dependent NAD kinase known to exist in chloroplasts (41) . As reported previously, the in vitro phosphorylation of DnaK is also stimulated by high levels of Ca2W, and this is true of the mammalian and yeast mitochondrial Hsp7O-related proteins (8) . DnaK and some eukaryotic Hsp7O proteins also have been shown to be phosphorylated in vivo (42) (43) (44) (45) , but (27) .
